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Abstract

With the aim of maintaining or obtaining good environmental status in the Northeast Atlantic and northern Mediterranean
Sea, the European Marine Strategy Framework Directive (EU-MSFD) came into force in 2008. All EU Member States (MS)
have the task of assessing the current state of their adjacent waters to guarantee sustainable use of marine resources and
healthy ecosystems for the current and future generations. Although the MSFD has been implemented for over a decade,
there are still gaps in the assessment of various ecologically and commercially important marine species, such as cephalo-
pods. Here we describe the status of cephalopods, a key component of marine ecosystems and a valuable fishing resource,
within the MSFD. To do so, we review how MS deal with this group in their reporting and identify and explain the gaps in
the cephalopod assessment. We describe the main challenges including the limited data and the rarity of dedicated surveys
on cephalopods. However, we argue that cephalopods can be partially integrated into the EU-MSFD assessment, illustrating
the current opportunities and future possibilities of their integration into the MSFD, mainly using Descriptors 1-4.
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Introduction

Global change involves a variety of different human pres-
sures including climate warming (rising sea temperatures),
ocean acidification, invasive species and resource use such
as fishing, sand mining and energy generation, all of which
affect marine ecosystems worldwide (Oesterwind et al.
2016). To manage the different anthropogenic pressures in
European Union seas, diverse directives have been imple-
mented, including the European Marine Strategy Framework
Directive (EU-MSFD).

The EU-MSFD aims to protect and preserve the marine
environment and its natural resources. It came into force in
2008 and was implemented in 2010 to form the environ-
mental pillar of the future maritime policy of the European
Union (EU Directive 2008/56/EC). With the intention of
introducing an ecosystem-based management of biodiver-
sity, habitats and resources, this directive focuses on obtain-
ing or maintaining good health of marine ecosystems and
the sustainable use of the marine environment by current
and upcoming generations (Morato et al. 2016). The overall
goal was to maintain or achieve this ‘Good Environmental
Status’ (GES) by 2020, something which has not so far been
achieved for most indicators and areas.
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The EU-MSFD process started in 2012 and involves
a 6-year cycle with the following three main phases: (i)
reporting the current environmental status (performed in
2012 and 2018), (ii) setting up monitoring programmes to
assess progress in achieving GES (conducted in 2014) and
(iii) setting up programmes of measures to deliver the objec-
tives of the MS (performed in 2016) and reporting on imple-
mentation progress (performed in 2018) (COM/2020/259).
As the second cycle started in 2018, the GES assessment
in support of the updated assessment guidance is due in
2024. The description of GES is based on the initial assess-
ment from 2012 and refers to the following 11 qualitative
descriptors: D1—biodiversity, D2—non-indigenous species,
D3—commercial fish and shellfish, D4—food webs, D5—
eutrophication, D6—sea-floor integrity, D7—hydrography,
D8—contaminants in environment, D9—contaminants in
seafood, D10—marine litter, D11—energy/noise (EU Direc-
tive 2008/56/EC). A number of criteria and indicators have
been developed for both biodiversity-related and pressure
descriptors. However, these criteria and indicators are con-
stantly being supplemented and revised so that their num-
ber and nature change continually. In 2010, the Commission
Decision 2010/477/EU named 29 associated criteria and 56
indicators for the different descriptors. Seven years later, the
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number of criteria had increased to 42 (Commission Deci-
sion 2017/848/EU).

Even if the MSFD considers all European marine waters,
the assessments (and monitoring and measures) can be sub-
divided into subareas by the MS (EU Directive 2008/56/EC).
Until now the requirements of the MSFD have not yet been
met following a holistic approach and various publications
illuminate the weak points on different aspects of the MSFD
(e.g. Santos and Pierce 2015; Probst et al. 2016; Borja et al.
2021; Tsiamis et al. 2021). Furthermore, some large and/or
important groups of species are still not (or insufficiently)
considered, including keystone groups or species, which are,
in this case, species which have an important impact on the
ecosystem or are important commercial resources.

One of these key groups is the Cephalopoda. Most
cephalopods are opportunistic predators (e.g. Lipinski
1992) with a fast growth rate and a short lifespan. Their
semelparous lifecycle mainly ends after 1-2 years and
only a few species live longer (Mangold and Boletzky
1988). Their short lifespan enables them to quickly adapt
to changing environments and they might also benefit from
overfishing of commercial finfish stocks (Caddy and Rod-
house 1998; Balguerias et al. 2000; Hunsicker et al. 2010),
due to decreasing predation pressure, less food competi-
tion and likely due to ‘free’ ecological niches, that can
quickly be occupied by cephalopods as opportunists and
r-strategists. Many cephalopods display typical r-selected
features such as a high production to biomass ratio (Clarke
1996b; Smale 1996) and a high number of eggs (Cuccu
et al. 2013; Laptikhovsky 2000). However, the life-cycles
of some cephalopods also show K-selected features such
as a relatively low number of eggs (e.g. in the octopus
Eledone cirrhosa; Regueira et al. 2013), parental egg or
brood care (e.g. in octopuses and some deep-sea squids
like Gonatus onyx and Bathyteuthis berryi; Mangold and
Boletzky 1973; Seibel et al. 2000; Bush et al. 2012) as
well as a large body size (e.g. in the squid Dosidicus gigas;
Argiielles et al. 2008). Furthermore, because cephalopods
have a strong influence on other trophic levels (TLs) and,
therefore, play a structuring role in their food webs, they
can be defined as keystone species according to Paine
(1995). The importance of a species in its community or
‘Keystoneness’ can be ranked by an index (Hurlbert 1997,
Coll et al. 2013). For example, cephalopods are the group
with the third highest ‘Keystoneness Index’ in the Azores,
after pelagic sharks and toothed whales (Morato et al.
2016), and have a relatively high ‘Keystoneness’ in other
marine waters (Coll et al. 2013; Smith et al. 2014), which
emphasizes their importance in the ecosystem and conse-
quently the need to include cephalopods into the MSFD.
Various studies show significant changes in the occurrence
and abundance of cephalopods from year to year (in addi-
tion to within-year changes associated with the life cycle)

(Doubleday et al. 2016), while others illustrate impres-
sive range expansions which affect regional biodiversity
(D1) (Chen et al. 2006; Zeidberg and Robinson 2007; van
der Kooij et al. 2016; Moura et al. 2020; Oesterwind and
Schaber 2020; Oesterwind et al. 2022).

However, not all range expansions are natural. Many
established non-indigenous marine species (NIS) are regis-
tered in the European Union, comprising 824 taxa including
five cephalopod species (Tsiamis et al. 2018). The biore-
gions most heavily affected by introduced species in general
include the Mediterranean Sea and the Northeast Atlantic
(Hewitt and Campbell 2010), where the local community
structure, biodiversity and ecosystem functions are influ-
enced by the direct and indirect impacts caused by these
species (Thomsen et al. 2015). Besides negative effects
such as the reduction in native biodiversity and ecosystem
shifts, there might also be benefits from NIS, such as the
replacement of lost ecological functions and the strengthen-
ing of biogenic complexity (Kleitou et al. 2021). A recent
study describes 13 non-indigenous cephalopod species for
the Mediterranean Sea, which entered the region over the
last few decades, most likely by the following three dif-
ferent routes: the natural pathway Strait of Gibraltar, the
human-constructed pathway Suez Canal or through other
anthropogenic pathways like shipping (Bello et al. 2020).
Consequently, cephalopods should also be considered in the
NIS assessment within the MSFD (D2).

Fisheries landings of cephalopods are increasing in parts
of the world (Arkhipkin et al. 2015; Doubleday et al. 2016),
but in some species/areas, there is an opposite trend in ceph-
alopod catches (Ospina-Alvarez et al. 2021), likely due to
unsustainable fisheries (Katagan et al. 2015). For example,
the catch biomass of Octopoda in the Aegean Sea showed
a strong decrease between 2001 and 2013. Katagan et al.
(2015) attributed this to unsuitable policies such as non-opti-
mal closed seasons in cephalopod fisheries, along with weak
controls on cephalopod fisheries. In European waters, catch-
ing cephalopods in large-scale fisheries is largely unregu-
lated, but not all fluctuations have been attributed to fish-
ing, as there have also been significant decreases associated
with changing environmental conditions (e.g. Sobrino et al.
2020). However, the combination of high fishing pressure
and the semelparous life cycle of cephalopods, with only a
single spawning event before they die, make them a poten-
tially vulnerable resource for both targeted and bycatch fish-
eries. Around 17 of nearly 70 cephalopod species inhabiting
European marine waters are commercially relevant (Jereb
et al. 2015; Katagan et al. 2015). Cephalopods are fished
in many areas of the EU, where their commercial landings
show both increasing (Caddy and Rodhouse 1998; Arkh-
ipkin et al. 2015) and decreasing trends, depending on the
area and species fished (Ospina-Alvarez et al. 2021). These
cephalopod species should be considered in the assessment
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under D3 (status of commercial fish and shellfish) and are
also potentially relevant for D9 (contaminants in seafood)
as they are able to accumulate contaminants in their tissues
(Bustamente et al. 2002).

In food webs, cephalopods exert top-down pressure on
lower TLs but also have a bottom-up function due to their
role as major prey for some marine mammals and predatory
fishes, depending on their life stage and size. For example,
cephalopods are a major food source for sperm whales, dol-
phins, seals and some elasmobranchs (Clarke 1996a, 1996b;
Katagan et al. 2015). They also play an important role in the
diet of some teleosts (Bello 1991; Daly et al. 2001; Battaglia
et al. 2013). Changes in fish and/or cephalopod abundances
have already caused a community shift towards squid-domi-
nated food webs in some places (Caddy and Rodhouse 1998;
Balguerias et al. 2000; Hunsicker et al. 2010; Doubleday
et al. 2016). Logically, cephalopods play an important key
role in marine coastal and open sea food webs and should
therefore be integrated in MSFD D4 (food webs).

In summary, one should expect that, in accordance to the
MSFD, information on cephalopods is reported under D1,
D2, D3, D4 and D9. Of course, other Descriptors including
eutrophication and noise might also have a possible impact
on the state of cephalopods, though the relationship between
pressure and state is still unclear. However, some studies on
acoustic exposure in cephalopods (Guerra et al. 2011; André
et al. 2011; Solé et al. 2013a, b, 2017, 2022) do already
exist. Nevertheless, we will review the current integration of
cephalopods within the MSFD focusing on D1-D4 and D9
but will also deal with D11 (energy/noise). The aim of this

review is to illustrate the gaps and to provide some prelimi-
nary suggestions on how to deal with this keystone group in
future MSFD reporting.

State-of-the-art: cephalopods
within the MSFD

Until now, only 23 EU-MS were obliged to complete MSFD
reporting due to their geographical location and access to
marine waters. Furthermore, in addition to MS without a
coastline, those with a lack of cephalopods in their marine
areas (e.g. Baltic and Black Sea) are not committed to
reporting on cephalopods. This leaves 16 EU-MS for which
it could be assumed that they would include cephalopods
in their reporting. However, our results show that only a
few even mentioned cephalopods in their MSFD reporting
(Table 1). The non-reporting of cephalopods in the MSFD
usually occurs without any justification (Dupont et al. 2014a,
b, c,d,e).

Within the first reporting cycle (2012), the Netherlands
reported that only an insignificant number of cephalopods
occurs in their national waters (Dupont et al. 2014f). Ger-
many stated that no methods for the analysis and evalua-
tion of the cephalopod species group have currently been
developed (Dupont et al. 2014g) and the UK justified the
reporting gap citing insufficient information and data on
cephalopods in their waters and stated that further develop-
ment may be required (Dupont et al. 2014h).

Table 1 Report of cephalopods in the first (2012) and second (2018) reporting cycle within corresponding descriptors of the MSFD as well as

the given reason by MS for their non-reporting

Member States First MSFD reporting cycle 2012

Second MSFD reporting cycle 2018

Belgium Non-reporting without justification
Croatia -
Cyprus Non-reporting without justification
Denmark Non-reporting without justification
France D9
Germany No methods for analysis and evaluation developed
Greece -
Ireland Non-reporting without justification
Italy D9
Malta -
Netherlands Insignificant population
Portugal DI1: D1C2,D1C3
D3: D3C1, D3C3
Slovenia -
Spain D9
Sweden Most likely not relevant for the North Sea area
UK Insufficient information and data

D9

Lack of monitoring, data and methodological standards
No indicators developed

Not relevant

D1: abundance trends

Lack of biological information and data collecting systems
D1: D1C2, D1C3

D1: D1C1, D1C2, D1C3, D1C4

Not relevant

D1: D1C2, D1C3
D3: D3Cl1, D3C3

DI1: DICI,DIC2,DIC3
D1, D9
Not relevant

@ Springer
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For the initial assessment of cephalopods under D3,
Portugal described the stock development using secondary
indicators (for an explanation see section ‘Descriptor 3”) for
D3C1 and D3C3 (Dupont et al. 20141) and included cephalo-
pod species in D1, indicator 1.6 (pelagic habitat conditions)
and the states of two functional groups (Cochrane et al.
2010) were assessed: Coastal/shelf cephalopods and deep-
sea cephalopods. Although no verdict regarding the GES
of cephalopods was made, it was assumed to be achieved in
Portuguese waters. Spain included cephalopods under D9
and assessed the heavy metal concentration of seven spe-
cies from the Spanish Atlantic waters (Dupont et al. 2014;)
and three species from the western Mediterranean Sea. All
of them had concentrations below the respective reference
values for Cd, Hg and Pb (Dupont et al. 2014;j). France and
Italy also included cephalopods in D9. The contamination by
hazardous substances in cephalopods for the French Medi-
terranean region was described as moderate (Dupont et al.
2014d), whereas Dupont et al. (2014k) provided no infor-
mation on such levels in cephalopods in Italian waters. The
remaining countries ignored cephalopods in their reports
for the contaminants in seafood Descriptor, so that it seems
that countries where more cephalopods are eaten, take this
descriptor more seriously.

Within the second reporting cycle in 2018, the integration
of cephalopods had only changed slightly and around half of
the 16 MS still ignored this species group. However, most
MS which have not carried out a cephalopod assessment
have justified their non-reporting. Denmark, Netherlands and
Sweden designated cephalopods in their waters as ‘not rel-
evant’ for assessment (Banfi et al. 2021a, b, ¢). Croatia jus-
tified its non-reporting by the lack of monitoring, available
data and methodological standards, while Cyprus argued
that developed indicators are missing (Banfi et al. 2021d, e).
Ireland excused the non-reporting by the lack of biological
information and data collection systems (Anonymous 2020).
Germany illustrated the trends in abundance within D1, but
without any evaluation (BMU 2018). Italy, Malta, Slovenia
and Spain considered cephalopods under D1 in relation to
different criteria (see Table 1) (Banfi et al. 2021f, g). The
contamination of cephalopods (D9) was assessed in the sec-
ond cycle (2018) by two MS. Spain focused on heavy metals
(Banfi et al. 2021g), whereas Belgium focused on PAH and
dioxins (Banfi et al. 2021h). Portugal included cephalopods
within D1 and D3 in the second reporting cycle and used cri-
teria D1C2, D1C3 (for more information about criteria see
Descriptor sections), D3C1 and D3C3, following Commis-
sion Decision 2017/848/EU (about criteria and methodologi-
cal standards on good environmental status of marine waters
and specifications and standardized methods for monitor-
ing and assessment) for their status reporting. Poor GES
for biodiversity of coastal/shelf cephalopods was reported,

mainly due to the low biomass of Alloteuthis spp. in recent
years but increasing biomass trends for three cephalopod
species were also reported by Portugal in D3 (Ministerio do
Mar 2020). Thus, to our best knowledge, out of 16 MS, only
Portugal described the status of cephalopods in D3. Mean-
while, the International Council for the Exploration of the
Sea (ICES) already advises the inclusion of five cephalopod
species (Illex coindetii, Illex illecebrosus, Loligo vulgaris,
Octopus vulgaris and Sepia officinalis) in the reference list
of D3 species (ICES 2020a) (although 1. illecebrosus can be
ignored in European waters as it most likely does not occur
(Oesterwind et al. 2020)).

Where a reason was provided by MS to exclude cepha-
lopods within their reporting, most MS argue that the lack
of data is the primary reason (COM/2020/259). However,
many standardized fisheries research surveys report cepha-
lopods, particularly the commercially important species.
While such data are insufficient to determine absolute
abundance of cephalopods, for various reasons, these
data allow comparisons of species distribution, relative
abundance, size distribution, age distribution, and size
at maturity (by sex) of different cephalopod species, as
well as comparisons between years and seasons (Pierce
et al. 1998; Krstulovié Sifner et al. 201 1; Oesterwind et al.
2015; van der Kooij et al. 2016). Furthermore, commercial
landings data also exist for many regions, although these
are often at higher taxonomic level and therefore would
often be insufficient for a species-specific assessment in
many cases. However, even if these studies might not pro-
vide species-specific datasets over decades, they allow the
description of the current status and, in some areas, can
indicate changes in MSFD-relevant aspects like species
distribution and abundance, reproduction and phenology
(e.g. Pierce et al. 2005; Oesterwind et al. 2020, 2022).

As an example, the ICES Working Group on Cepha-
lopod Fisheries and Life History (WGCEPH) analyses
the landings data and fishery research survey data (in
those species that are commercially important for D3)
by regions, species groups (at different taxonomic lev-
els) and fishing effort, to describe the trend in indices of
biomass and/or abundance. These exercises demonstrate
the potential of using existing data, but also highlight the
data gaps (e.g. ICES 2020b). In the following sections,
we discuss the current and potential future possibilities to
integrate cephalopods into the MSFD using the existing
and publicly available data, along with any limitations and
knowledge gaps. As an overview we have listed descrip-
tors that can already be addressed in Table 2, including
those indicators which can already be used to assess status
(marked in bold) and additional potential indicators for
cephalopod assessment.

@ Springer



26 Page 6 of 21

Marine Biology (2023) 170:26

Table 2 Potential indicators for the assessment of cephalopod stocks within the EU-MSFD; in bold: can serve current criteria of described

Descriptors; in unbold: additional potential indicators

Descriptor  Criteria Indicator Method References
D1 D1C1 Mortality rate per species from inciden- — -
tal by-catch
D1,D3 D1C2 Population abundance CPUE (it™) Palma-Pedraza et al. (2020)
D1,D3 D1C3,D3C3 Demographic characteristics (size and Measurement series and age Oesterwind et al. (2020)
age distribution) determination
D1, D3 D1C4 Distributional range and pattern Agistribution ( 1% _ 1%) % 100 OSPAR (2016)
D1, D3 D3C2 Spawning stock biomass CPUE,,, e Kgt™h) Borja et al. (2021)
D1, D3 Nursery stock biomass CPUE,, e (Kg ) -
DI1, D3 Nursery grounds Modelling Colloca et al. (2015)
D1, D3 Biomass CPUE (Kg t™h Quincoces et al. (2011)
D1,D3 Biomass of small cephalopods CPUE (Kg t™h ICES (2014a, 2018)
D1, D3 Small squid abundance CPUE (i t™) Modified after Pierce et al. (2016)
D1, D3, D4 Guild level biomass CPUE (Kgt™") Modified after Whitfield (2016)
(and production) (CPUE year™! (Kg t™! year™))
D2 D2C1 Detection of non-indigenous species (NIS) Y newNISintroductions OSPAR (2018)
D2 D2C2 Abundance of NIS Y NIS,_, — D NIS, OSPAR (2018)
D2 D2C2 Spread of NIS (%) _ ("L) OSPAR (2018)
M ‘-1 Mt
D3 D3C1 Harvest rate (fishing mortality) Y,/B Piet et al. (2010)
D4 D4C1 Trophic level of catch Stable isotopes >N Jennings and van der Molen (2015)
D4 D4C4 Key predator productivity (production (CPUE year™! (Kg t~! year™')) Modified after Rogers et al. (2010)
per unit biomass)
D4 Trophic level of surveyed species TL, =1+ Z/-(TLJ- * DCy) Joshi et al. 2016
D4 Mean trophic level TL, = Z,(;L;Y,\») Joshi et al. (2016)
D9 DIC1 Level and number of contaminants Tissue analyses Maggi et al. (2014)

a number of spatial units (e.g. sub-areas, grid cells) occupied during reference period a, b number of units occupied in a subsequent period b, B
biomass, N total number of spatial units, CPUE catch per unit effort, Kg weight (kg), # assessment period, M, species positive monitoring loca-
tions, M total monitoring locations, Y fisheries catch, i number of individuals, TL, trophic level of species (i), TL; trophic level of prey (j), DC;
contribution of prey (j) in the diet of species (i), ¥, catch of the species or group (i) in year (y)

Descriptor 1 (biodiversity)

According to Commission Decision 2010/477/EU, the
objective under D1 is as follows: "Habitat quality and occur-
rence, and species distribution and abundance, are consist-
ent with prevailing physiographic, geographic and climatic
conditions."

Different indicators or methods to assess fish species
might serve as a useful starting point for potential applica-
tion to cephalopods. Among them are trophodynamic, cli-
matic (Fortibuoni et al. 2017), pressure and state indicators
that can be used for assessing GES (Lynam and Mackinson
2015). In the latest MSFD assessment, D1 contained five
relevant criteria for cephalopods, the first four of which
relate directly to the individual species (Commission Deci-
sion 2017/848/EU). These include species mortality rate
(DIC1) (Table 2), which is mainly relevant for species
considered at risk due to bycatch and discarding; species
population abundance (D1C2) (Table 2), which is important

@ Springer

for non- or less commercial species with a relevant ecologi-
cal role in the ecosystem and not assessed in D3; species
demographic characteristics (D1D3) (Table 2); and species
distributional range and pattern (D1C4) (Table 2). The last
criterion (D1C5) relates to the habitat, which has to meet all
the necessary requirements for the life stages of a species.
These indicators are intended for use to assess the status
of cephalopods directly and as a constituent part of marine
communities.

While mortality data are very rare for cephalopods and
fishing mortality is, in most cases, documented at higher
taxonomic level (in so far as it is meaningful for species
which usually die when 1-2 years old regardless of whether
they have been fished), data about species population abun-
dance (D1C2), species demographic characteristics (D1D3),
and species distributional range and pattern (D1C4) are, in
many cases, provided by fishery research cruises and can
be used at least for some species in some areas. Arkhipkin
et al. (2021) describes the challenges for stock assessment of



Marine Biology (2023) 170:26

Page70f21 26

short-lived species, and exploratory stock assessments of the
main European cephalopods have been carried out under the
auspices of ICES WGCEPH based on the use of natural mor-
tality (M) and fishing mortality (F), which can be estimated,
for example, using a surplus production model in continuous
time (SPiCT) (Larivain 2020). In addition, several assess-
ments of various stocks of octopuses have been carried out
in the Mediterranean, most recently using production models
or related methods (Froese et al. 2018; Geraci et al. 2021;
Tsikliras et al. 2021). The only routine stock assessment for
a cephalopod takes place in the Western Asturias small-scale
fishery for O. vulgaris, where it is required under the terms
of Marine Stewardship Council (MSC) certification and is
based on the depletion model described by Roa-Ureta et al.
(2021).

Indices of relative species population abundance pro-
vide important information and are collated by the ICES
WGCEPH (e.g. ICES 2020b) based on a data call to MS,
and has already been used in various publications (e.g. van
der Kooij et al. 2016; Oesterwind et al. 2022). Due to the
short life cycle, and other reasons, most species show strong
interannual fluctuations which require special attention dur-
ing the analysis. Fishery research surveys also provide some
information about species demographic characteristics, as,
in many cases, length data of the survey catches are pro-
vided. However, due to the high plasticity of cephalopod
life cycles and the occurrence of micro-cohorts (Guerra and
Rocha 1994; Oesterwind et al. 2010), because within any
given year hatching and recruitment may occur in several
discrete ’pulses’ over an extended period of time or there
may even be separate summer and winter breeding groups,
interpretation of length data should be performed with
caution.

Occurrence and distribution depend on natural factors
such as habitat preferences, temperature, salinity and food
availability, as well as seasonality of the life cycle, which
applies to most species of commercial interest in Europe.
Due to the high sensitivity of cephalopods to environmen-
tal conditions, a change in their distribution could indicate
either significant natural change or man-made pressures, and
these two are not easily disentangled. Understanding spatial
distributions is an important aspect of developing manage-
ment and conservation strategies (Planque et al. 2011). How-
ever, cephalopods are highly mobile species so, for most
species, their geographic distribution can vary from year
to year (Pierce et al. 1994). Another reason for distribution
changes (in this case within years) in cephalopods is ontoge-
netic migrations during their life cycle. Such migrations
occur when the range of a species is divided into spawn-
ing/nursery and feeding grounds (Nesis 1985). In a 6-step
approach, Colloca et al. (2015) identified annual nursery
areas for E. cirrhosa and I. coindetii by modeling the spatial
distribution of recruits with the purpose of reconstructing

the distribution of ‘density hot-spots’, regarded as more pro-
ductive areas in the Mediterranean Sea. Within the Northeast
Atlantic spawning, nursery and feeding grounds for Loligo
vulgaris and Loligo forbesii were published recently (Lap-
tikhovsky et al. 2022). Nursery grounds of coastal species
in the European Mediterranean Sea are consistently pro-
tected from trawling fisheries (Colloca et al. 2015) due to
a ban on use of this gear for three nautical miles of coast-
line or waters < 50 m depth (Council Regulation (EC) No
1967/2006), which is in contrast to the less consistent (or
non-existent) protection of nursery areas for species with
offshore recruitment. Last but not least, many knowledge
gaps exist regarding habitat requirements in cephalopods,
although studies are beginning to be performed to fill this
gap (recently e.g. Barrett et al. 2021; Laptikhovsky et al.
2022). All-in-all, cephalopods can be integrated in D1, at
least for some of the criteria, as described above.

Descriptor 2 (non-indigenous species)

To maintain or obtain GES within D2 requires “non-indig-
enous species introduced by human activities are at levels
that do not adversely alter the ecosystems” (Commission
Decision 2010/477/EU). In D2, one primary and two sec-
ondary criteria are relevant for cephalopods. According to
Commission Decision 2017/848/EU, the primary criterion
considers the number of NIS introduced into the area by
human activity (D2C1) (Table 2). The secondary criteria
consider the abundance and distribution of these species
(D2C2) (Table 2), and the species and habitat affected by
NIS (D2C3).

OSPAR (2018) listed three parameters (indicators) for
the assessment of non-indigenous or cryptogenic species.
These include the ‘new introductions’ parameter for the
number of new introductions within the assessment area
and assessment period (t), the ‘community abundance’
parameter showing the relative change in the total number
of NIS between different assessment periods and the ‘dis-
persal’ parameter for the relative change in the proportion
of monitoring locations (M) within which the species is
found (OSPAR 2018). The list of new NIS requires under-
standing of the invasion process, as the species relevant to
MSFD monitoring and future assessment are those related
to human-mediated transmission. The status of NIS can be
regularly monitored by existing fishing research cruise sur-
veys, in which the sampling protocols have been improving
in the last decade to assure good cephalopod identification.
Where ship-based surveys cannot be executed, e.g. in Marine
Protected Areas, and within hotspots or likely entry points
for NIS, the use of scientific divers (Deidun et al. 2019) or
other survey technologies will be helpful for some species.
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In addition to survey-based indicators, eDNA (Obst et al.
2020) and Citizen Science [e.g. Environmental NGO iSea
project “Is it Alien to you? Share it!!!” (iSea 2022)] can be
cost-effective tools to supplement routine monitoring, by
filling knowledge gaps on the distribution and dynamics of
marine bioinvasions, hence contributing to the assessment of
GES within D2 of the MSFD (Giovos et al. 2019). Although
none of the MS with non-indigenous cephalopods in their
marine regions included them in their assessment, it seems
that cephalopods could already be integrated in D2.

Descriptor 3 (commercial fish and shellfish)

The aim of D3 is that “populations of all commercially
exploited fish and shellfish are within safe biological lim-
its, exhibiting a population age and size distribution that
is indicative of a healthy stock” (Commission Decision
2010/477/EU). The Commission Decision 2017/848/EU
names three primary criteria for D3; fishing mortality rate
(D3C1), spawning stock biomass (D3C2) and age and size
distribution (D3C3) of commercial species (Table 2), which
are usually derived from the analytical stock assessments
required under the European Common Fishery Policy (CFP).
The first two criteria aim to achieve maximum sustainable
yield (MSY) of the commercially fished stocks. Thus, fish-
ing mortality should be at or below the level (D3C1) and
spawning stock biomass should at or above a level (D3C2)
which can achieve MSY (Commission Decision 2017/848/
EU). However, not all commercially exploited fish stocks
in EU waters (and only one cephalopod stock) are routinely
subject to full analytical assessments and, hence, for the
non-assessed stocks, time series for fishing mortality (F)
and spawning stock biomass (SSB) are generally not avail-
able, and the age structure is usually unknown. In addition,
bycatch data for commercially exploited species are often
still lacking. Another issue is that typical analytical assess-
ment methods are developed for long-lived finfish stocks and
many are not appropriate for cephalopod species, which pos-
sess 1- or 2-year life cycle (Pierce and Guerra 1994; Payne
et al. 2006; Arkhipkin et al. 2021). Obviously, the European
CFP is (or would be if cephalopods were included) faced
with a special challenge in order to develop sustainable
cephalopod fisheries management (Arkhipkin et al. 2021).
While some authors point towards the advantages of using
depletion methods to assess cephalopod stocks (e.g. Arkh-
ipkin et al. 2021), other have favoured a simpler approach
based on production models (e.g. Froese et al. 2018). The
former requires intensive monitoring and (ideally) real-time
assessment while the latter make the questionable assump-
tion of a fixed carrying capacity—but have the advantage of
rapidly generating simple indicators (e.g. F/Fy;qy, B/Bysy)-
As an alternative to analytical assessment and its indicators,
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the European Commission suggested the use of so-called
‘secondary indicators’ which can serve at least for some fish
stocks as reliable indicators (Probst and Oesterwind 2014).
These include the ‘Catch Per Unit Effort” (CPUE) indices
(Table 2), based in numbers or biomass, which are assumed
to be proportional to stock size (King 2007), and can be
based on data from commercial fisheries or fisheries-inde-
pendent scientific surveys, though the latter are considered
more reliable for estimating stock abundance (Harley et al.
2001). However, Probst and Oesterwind (2014) note that the
quality of such indicators depends on the stock in question,
as well as on the chosen metric. In the case of cephalopods,
it might be that the patchy spatial distribution in some spe-
cies (Pierce et al. 1998) and the difficulty of ensuring that
surveys coincide with the same part of life cycle decrease
the quality of the indicators. Nevertheless, the CPUE can
also be modified to estimate recruitment, or SSB (Table 2).
While the ICES WGCEPH already use the CPUE to describe
general trends for different species in different regions (ICES
2020b), size-modified CPUE to assess spawning stock, for
example, may require further refinement for cephalopods
because, in many cases, the relationship between length and
maturity stage is highly variable in cephalopod species and
depends on sampling location, particularly latitude, and sam-
pling season (Jackson and Yeatman 1996; Oesterwind et al.
2018), and because recruits and spawners may be present
only in certain seasons.

Another secondary index to reflect fishing mortality is
the Harvest Ratio (HR) (Table 2), which is the ratio between
the biomass of commercial catches (or landings) and abun-
dance indices (Piet et al. 2010). A two-stage biomass model
has been developed to calculate HR for cephalopods in the
English Channel (Gras et al. 2014; Alemany et al. 2017),
but without a routine assessment in this area. To estimate
the HR, reliable documentation of commercial landings is
needed but this is somewhat lacking in cephalopod species
because many species are fished as bycatch and landings are
often reported at higher taxonomic level. Better sampling of
the cephalopods landings by MS could address this issue.

Various length-based indicators exist to assess the
demography of cephalopod stocks but, as mentioned in D1,
high plasticity, a short life cycle and the possible existence
of micro-cohorts might render the demography criterion use-
less. Furthermore, size-dependent indicators for D3 in fish
are based on the concept that overfishing tends to result in
the loss of the larger and older animals. This might make
sense in long-lived animals but it is not as relevant in fished
species with a short lifespan, non-overlapping generations
(in many cases) and high plasticity where length depends not
only on the life cycle stage but is also driven by environmen-
tal factors like oxygen and temperature (Pecl and Jackson
2008; Rosa et al. 2012; Rogov et al. 2019). A potentially
useful length-based indicator for control purposes is the
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‘small squid indicator’ (Table 2) because a catch with many
small squids could be a sign of fishing in a recruitment or
nursery area, which could result in overfishing and endanger
the stock (Pierce et al. 2016). The seasonal variability of
cephalopod sizes, however, can pose a challenge to using
this indicator for GES assessment. Nevertheless, as Laptik-
hovsky et al. (2022) mentioned, as quarterly research cruises
are timed consistently across the years, any massive changes
in the sizes of the sampled population at a particular time of
year might indicate that more investigations are necessary
and could also point to climate-associated shifts. In addi-
tion to the assessment of commercially important species
(D3), this size indicator is just as important for any non-
commercial species in D1. In summary, the integration of
cephalopods within D3 is partly possible for the main com-
mercial species. However, the primary indicators mentioned
above seem problematic for cephalopods due to the short life
cycle and the general absence of routine assessment, and it
might be better to develop a separate indicator approach for
this group instead.

Descriptor 4 (food webs)

The focus in D4 is that “all elements of the marine food
webs, to the extent that they are known, occur at normal
abundance and diversity and levels capable of ensuring
the long-term abundance of the species and the retention
of their full reproductive capacity” (Commission Deci-
sion 2010/477/EU). According to Commission Decision
2017/848/EU, four criteria are related to D4, which are
divided into two primary and two secondary criteria.
The primary criteria are trophic guild diversity (D4C1)
(Table 2) and abundance balance (D4C2). These two are
complemented by the secondary criteria, size distribution
of individuals (D4C3) and productivity (D4C4) (Table 2).
As with D2, these indicators are related to ecological com-
munities in marine ecosystems and cephalopods should
not be neglected.

As indicators of community structure, trophic levels
(TLs) are important for monitoring ecosystem changes
(Joshi et al. 2016). Besides calibration, parameterization
and validation of food web models, the estimation of TL
is also used to calculate metrics and indicators of food
web structure and human impact (Jennings and van der
Molen 2015). A distribution change in a cephalopod spe-
cies, for example, may lead to a change in its role as preda-
tor and prey and thus its trophic relationship in the food
web (Lishchenko et al. 2021). Shannon et al. (2014) made
a comparison between indicators based on TL, whereby
landings-based TL indicators (e.g. TL of the landed catch)
show the pressure on the system, whereas survey-based TL
indicators show (potentially) unbiased state changes of the

surveyed community. In addition, model-based TL indica-
tors (based on Ecopath with Ecosim models) can facili-
tate the inclusion of poorly sampled species in ecosystem
assessments (e.g. Gasalla et al. 2010; Coll et al. 2013).
However, it should be noted that model-based indicators,
which are based on equilibrium measures, have some diffi-
culties with interannual variability in cephalopod biomass.
As Christensen and Walters (2004) describe, assuming
equilibrium for a reference year can lead to overly opti-
mistic estimates of sustainable fishing mortality.

Biomass and productivity are related to the structural
properties of food webs and can thus serve as proxies for
ecosystem functioning (Zador et al. 2016). ICES (2014b)
and Tam et al. (2017) have stated that the guild level
biomass indicator is commonly used for fish, but should
include guilds across all TLs. With this, both the food web
condition and the relative stability of its main components
could be assessed. Some predators or groups of species
play a more important role in food webs than others and
can thus be used as energy flow indicators for the whole
system. The major predator—prey processes are measured
using the productivity of these key predators (Rogers et al.
2010). To assess cephalopods using these indicators, high-
quality and regularly updated fisheries landings and survey
data time series from regional seas are required. Further-
more, information on regional and ontogenetically specific
prey composition is something which is still lacking in
many species and needs to be improved in future. Overall,
cephalopods can partly be integrated in D4 on the basis of
currently available data.

Descriptor 9 (contaminants in seafood)
and Descriptor 11 (energy/noise)

According to Commission Decision 2010/477/EU, the aim
for D9 is that “contaminants in fish and other seafood for
human consumption do not exceed levels established by
Community legislation or other relevant standards”. For
D11, the following applies: “Introduction of energy, includ-
ing underwater noise, is at levels that do not adversely affect
the marine environment” (Commission Decision 2010/477/
EU). One primary criterion is listed by Commission Deci-
sion 2017/484/EU for D9, which is contaminant levels in
seafood (D9C1) (Table 2), whereas D11 has two primary
criteria related to anthropogenic impacts on marine animals,
concerning impulsive sound source levels (D11C1) and lev-
els of continuous low-frequency sound (D11C2) (Commis-
sion Decision 2017/848/EU).

Unlike the ecologically and environmentally focused
D1-D4, contaminants in seafood (D9) and introduction of
energy and noise (D11) have a clear human focus and refer
directly to the extent of human impact on the environment
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Table3 Summaryof — Region Historical 20162018 2019-2021  Trends

Ommas.trephldae trends based (mean tonnes)  (mean tonnes) (mean tonnes)

on landings in tonnes. The 2019-2021 vs. 2019-2021

historical mean is the entire historical vs. 2016—

landings data series (2000— 2018

2021) (modified from ICES

2023) North Sea 9 35 29 Positive Negative
Celtic Seas 271 420 557 Positive Positive
English Channel 144 495 315 Positive Negative
Bay of Biscay 1325 1198 1549 Positive Positive
Western Iberia and 1079 604 1126 Positive Positive

Gulf of Cadiz

(O’Higgins 2016). Nevertheless, it is possible to use cepha-
lopods as indicators for heavy metal pollution in the oceans.
As Pierce et al. (2016) already describe, they could be used
as an early warning of high environmental levels due to their
accumulation of cadmium and PCBs in their tissues.

The impact of noise as underwater pollution and its
impact on the surrounding environment are unclear in
most cases. Therefore, information on the effects on most
cephalopods is also lacking, although there are some docu-
mented effects on squid behavior (Fewtrell and McCauley
2012), on squid and cuttlefish statocyst development (Solé
etal. 2013a, b, 2017, 2022) and on (giant) squid mortality
(Guerra and Gonzalez 2006; Guerra et al. 2011). In addi-
tion, the topographic conditions of an area, for example,
great depths and steep slopes, or a large number of islands
and islets play a major role in this assessment because
they influence noise transmission in complex ways (Para-
mana et al. 2021). However, André et al. (2011) and Solé
et al. (2013a, b, 2017, 2022) exposed several cephalopod
species to low-frequency sounds (which is the main type
of noise generated by coastal industry, marine traffic,
geophysical surveys, offshore wind energy, etc.) and this
resulted in permanent and substantial alterations of sen-
sory hair cells of the statocysts of the individuals.

Case study

To illustrate how existing data from the ICES-DATRAS-
database and EU Data Collection Framework (DCF)
could be used to integrate cephalopods into the MSFD,
we present some examples, with graphic representations
and tables from which conclusions can be drawn for a first
cephalopod assessment. The time analyses and associated
trend analyses in our case study are not intended as a rec-
ommendation and can be adapted or modified. In addition,
due to the Covid-pandemic in Europe, some cruises have
not taken place or have been shortened, so that the data
quality within the past 2 years seems to be limited, but this
should increase again in further years.
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Mortality rate (D1C1), fishing mortality
(D3C1)

Landings data collected within the DCF provide an indica-
tion of fishing pressure on commercially important cepha-
lopods. Landings tend to be highly variable across ICES
management units.

A summary of the Northeast Atlantic fishing mortality
trends in Ommastrephidae indicated by landings shows an
increasing fishing mortality in all areas, when recent land-
ings are compared with historical landings, and this also
happens in most areas when compared with the recent period
(Table 3). Interpreting the reasons for these trends is more
difficult and abundances as well as fishing effort should be
considered.

The summary trends in Loliginidae based on the land-
ings show an increase in the North Sea, Western Iberia
and Gulf of Cadiz and Azores, while landings decreased in
Celtic Seas, English Channel and Bay of Biscay (Table 4).
However, the Azores Loligo stock is considered to be repro-
ductively isolated and independent of the European Shelf
populations, while the latter population shows high genetic
geneflow and connectivity amongst the constituent shelf
regions (Brierley et al. 1995; Shaw et al. 1999; Gopel et al.
2022; Sheerin et al. 2022).

Population abundance (D1C2, D3C2)

The data of the standardized fishery surveys (available at
DATRAS) can address abundance indicators. Except for the
North Sea CPUE trend of Todaropsis eblanae, CPUEs in
ommastrephids show an increasing trend within the recent
years in the North Sea, Celtic Seas and Bay of Biscay, while
CPUE values at the Gulf of Cadiz decreased for I. coin-
detii and T. eblanae (Table 5). However, as it is very typical
that cephalopod CPUE fluctuates across years, especially
for ommastrephid squids, ideally further analysis should be
performed to determine whether the declining CPUE is part
of its natural fluctuation, or not. Ommastrephid squids are
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Table4 Summary of

o Region Historical 2016-2018 2019-2021 Trends
Lohglmdae Frends based (mean tonnes)  (mean tonnes) (mean tonnes)
on landings in tonnes. The 2019-2021 vs. 2019-2021
historical mean is the entire historical vs. 2016—
landings data series (2000— 2018
2021) (modified from ICES
2023) North Sea 1816 2226 2560 Positive Positive
Celtic Seas 1423 1794 1418 Negative Negative
English Channel 3518 4710 2880 Negative Negative
Bay of Biscay 1755 1635 1188 Negative Negative
Western Iberia and 848 703 1047 Positive Positive
Gulf of Cadiz
Azores 397 252 671 Positive Positive
Table 5 Summgry of trends Region Survey Recent trends (2019-2021 vs. 2016-2018)
in Ommastrephidae based
on existing ICES-DATRAS L. coindetii T. eblanae T. sagittatus
surveys (modified from ICES
2023) North Sea NS IBTS Q1 Positive Negative Positive
Celtic Seas ES-PorcGFS Positive Positive Positive
UK-SWBEAM NA NA NA
Bay of Biscay FR-EV HOE Positive Positive Positive
North-Western Iberian ES-IBTS Q4 NA NA NA
PT-IBTS Q4 NA NA NA
Gulf of Cadiz SP-GCGFS Q1 Negative Negative NA
SP-GCGEFS Q4 Negative Negative NA

known to show short-lived outbreaks, as seen in Norway,
Scotland, and at Rockall Bank in recent decades. Even for
very well-documented stocks like those of Illex argentinus
and Todarodes pacificus, separating fishing and environmen-
tal influences on abundance is difficult (Sundet 1985; Hastie
et al. 1994; Rodhouse et al. 2014).

Within the southern areas (Gulf of Cadiz, North-West-
ern Iberia), all available data show an increasing trend for
L. forbesii, L. vulgaris and Alloteuthis spp., while in the

northern area, loliginids do not show a consistent trend in
biomass among surveyed areas (Table 6). CPUE values for
L. forbesii increased in the North Sea, while in the Celtic
Seas both increasing and decreasing trends are observed,
depending on the sub-area. A negative trend is also docu-
mented for Alloteuthis spp. in the Celtic Seas and North Sea
in winter, while the CPUE of this taxon in the North Sea
increased in summer. In the North Sea, CPUE trends of L.
vulgaris are neutral or negative depending on the quarter.

Table 6 Summary of

o Region Survey Recent trends (2019-2021 vs. 2016-2018)
Loliginidae trends based on
standardized ICES coordinated L. forbesii L. vulgaris Alloteuthis spp.
surveys (modified from ICES
2023) North Sea GER-IBTS Q3 Positive Neutral Positive
GER-IBTS Q1 Positive Negative Negative
Celtic Seas UK-NWGFS NA NA NA
UK-SWBEAM NA NA NA
ES-PorcGFS Negative NA NA
IR-GFS Positive NA Negative
Bay of Biscay FR-EV HOE Negative Negative Negative
North-Western Iberian ES-IBTS Q4 Positive Positive NA
PT-IBTS Q4 NA NA NA
Gulf of Cadiz PT-IBTS Q4 NA NA NA
SP-GCGFS Q1 Positive Positive Positive
SP-GCGFS Q4 Positive Positive NA
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Fig. 1 Size distribution of I. coindetii from ICES IBTS surveys in the
North Sea from Q1 and Q3 in 2018 & 2019 and 2020 & 2021 (ICES
DATRAS download 09/2022)

An exclusively decreasing trend for all considered loliginid
species is shown by the Bay of Biscay data.

Species demographic characteristics (D1C3)

Although the frequency distribution of lengths of I. coin-
detii individuals in 2018/2019 fluctuated more than those
in 2020/2021, they showed a similar trend (Fig. 1). Both
show the highest frequency of individuals with dorsal mantle
length of approx. 80 mm, with a decrease in frequency of
subsequent size classes, followed by a renewed increase in
larger length classes. An irregular drop in this length distri-
bution, compared to previous years, could provide informa-
tion on fishing pressure on a particular life stage of cepha-
lopods, or, since survey timings tend to be invariable from
year to year, could indicate a seasonal shift in abundance of
the sampled demographic stages.

SR T coindetii
N <-125
[ 1>75--25

[ 1»25-25
[J>25-75

individuals / CPUE

[1>-125--75

Distributional range and pattern (D1C4)

The same survey data set from DATRAS can provide some
information about the geographic distribution and any
changes in the distributional pattern on a regional scale. As
shown in Fig. 2, a heatmap for the differences in CPUE of 1.
coindetii and L. forbesii in the North Sea can allow potential
differences in distribution to be visualized and compared
over a time period, always assuming that seasonal data col-
lection remains the same. This may be used to tease apart
natural variability from longer-term climate-associated
impacts on both the seasonal timing of distribution and
annual changes in spatial distribution.

Discussion

Our results show that not all MSFD criteria are currently
suitable for cephalopods due to missing data and the very
specific biology (fast and flexible lifecycles) in this group.
Many cephalopods are key components in ecosystems (Coll
et al. 2013) as well as being important commercial spe-
cies, yet regular assessment comparable with commercial
fish stocks does not exist in Europe (with the exception of
the western Asturias octopus fishery, where assessment is
required as part of the justification for MSC certification
(Roa-Ureta et al. 2021)). Other countries around the world
prove that an ecosystem approach to assessment and man-
agement, at least of commercially important cephalopod spe-
cies, is quite possible (e.g. Arkhipkin et al. 2021). Therefore,
we recommend including cephalopods within the MSFD
instead of giving them little attention. Marchal et al. (2016)
compares EU fisheries management with the innovative fish-
eries management of non-EU countries such as Australia,

e

Loligo forbgsii
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Fig. 2 Differences (Q1 2017-Q1 2019 versus Q1 2020-Q1 2022) in CPUE of I. coindetii (left) and L. forbesii (right) from ICES IBTS surveys

in the North Sea (ICES DATRAS download 09/2022)
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New Zealand and Iceland, whose approach is characterized
by standard tools such as licensed commercial fishing ves-
sels, assessment of key stocks and catch limitations through
input controls. For instance, fisheries in the United States
are regulated by law through the Magnuson—Stevens fishery
conservation and management Act. The Act requires indi-
vidual states to comply with various standards for fishing
effort and management (NOAA 2007). Thus, each species,
or species complex (e.g. all octopus species are grouped into
a single assemblage) has its annual catch limit, which applies
even to non-commercial species. For example, the overfish-
ing limit (OFL, which corresponds to the stock’s MSY) of
Enteroctopus dofleini in the Gulf of Alaska is calculated by
multiplying the best available estimate of octopus biomass
by the best estimate of their natural mortality (Ormseth and
Conners 2018). However, the MSY concept is based on equi-
librium points, which can be inappropriate for cephalopods
due to the particular highly dynamic life cycle of semelpa-
rous populations, where the growth rate and their yield is
not constant (Roa-Ureta et al. 2021). One way to assess the
seasonal mortality of short-lived species is to use a surplus
production model in continuous time (SPiCT), which has
already been tested for an assessment of cuttlefish (Sepia
officinalis) in the English Channel, though these assessments
are expected to show large uncertainty in model outputs due
to larger inter-annual fluctuations, as well as possible non-
equilibrium between stock production and environmental
carrying capacity, and they may require long time series with
seasonal inputs (Larivain 2020). Ultimately, environmental
covariates which predict recruitment success may enable
assessments based on stock-production to be strengthened
for cephalopods.

Most EU-MS justify their lack of reporting by citing
insufficient data availability or non-harmonized assess-
ment methods. This is partly valid, and in many regions,
the available datasets might be insufficient to perform an
optimal assessment, especially as reliable data at species
level is problematic (Lishchenko et al. 2021). However,
an evaluation at taxonomic family level for some crite-
ria may be sufficient, for example to describe substantial
changes in the cephalopod fauna in European waters, as
presented in various published studies (e.g. Chen et al.
2006). MS have conducted standardized surveys in the
Northeast Atlantic, such as the standardized International
Bottom Trawl Survey (IBTS) and the Beam Trawl Survey
(BTS), for almost 30 years (ICES 2009, 2012a). Similarly,
in the Mediterranean Sea, the standardized International
Bottom Trawl Survey (MEDITS) has been performed
over a long time period. Consequently, a large amount of
data already exist and data collection is ongoing in many
areas, including long-term data series for many cephalo-
pod species, particularly those of commercial importance.
In addition, fisheries landings data are available and can

be used to evaluate the level of fishing pressure, although
taxonomic identification problems are even more obvious
in these data. However, even if the quality of available
datasets has to improve in future, survey and landings data
sources are already used by ICES WGCEPH to describe
the trends in landings, biomass and abundances, as shown
in case studies presented in the present study. In addition
to the development of particular metrics over time, such
analyses can also be used to provide a certain degree of
information about the status and trends of commercially
exploited cephalopod groups. It should also be noted that,
like many highly mobile marine organisms, due to their
natural migratory behavior, cephalopods are not bounded
inside the marine areas of a particular MS and, therefore,
subregional monitoring programs are necessary for GES
assessments. Indeed, Shephard et al. (2015) proposed that
ICES working groups could help integrate the assessment
of GES at a subregional level. We argue that, a non-har-
monized assessment provides more information than no
assessment, and will serve as initial baseline, which can be
optimized in future. In particular, against the background
of an increased interest in fisheries diversification to non-
quota species, there is little fisheries management (with
the exception of local management in small-scale cepha-
lopod fisheries, e.g. for O. vulgaris) and almost no stock
assessment in cephalopods, hence the need to include this
species group in the MSFD framework is all the more
appropriate.

For easier integration of cephalopods into an assessment
within the MSFD, we have listed some indicators in Table 2.
In addition to the indicators highlighted as serving exist-
ing criteria in the descriptors, additional ‘potential” indi-
cators are also listed, which might be used in future for a
more comprehensive assessment of cephalopods within this
framework (although these probably require further evalua-
tion first). Moreover, there are some inconsistencies or diffi-
culties within the indicators themselves, not all of which are
due to the particular biology of cephalopods. The detection,
assessment of abundance and distribution of non-indigenous
or cryptogenic cephalopod species is important due to their
potentially strong influences on native biodiversity. Indica-
tors are available and immediately applicable (Table 2), but
which species are included in the category NIS requires clar-
ification. NIS (synonyms: alien, exotic, non-native, alloch-
thonous) are species, subspecies or lower taxa which have
been introduced intentionally or accidentally in new areas
(past or present) by different anthropogenic vectors or natu-
ral means (Olenin et al. 2010). The European Commission
itself named NIS as species introduced by human activities
(Commission Decision 2017/848/EU). However, the exact
meaning of anthropogenically influenced NIS could be inter-
preted in different ways. All cephalopod species are more or
less powerful swimmers and highly mobile. Various squids
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undertake diurnal vertical migrations which result in tem-
poral and spatial fluctuations in their distribution and con-
tribute significantly to the transfer of energy, resources and
nutrients between deep water and shallow water systems.
Therefore, deep-sea studies should include the assessment
of cephalopods as well (Kazanidis et al. 2020). Horizon-
tal movements are also common, due to long feeding and
spawning migrations, which can likewise lead species into
new areas. In addition, squid and some octopus species have
planktonic paralarvae which may travel with ocean currents.
Migrations are common and can be extensive in ommas-
trephids, to a lesser extent in loliginids, and only exist to
some extent in cuttlefish. I. coindetii in the North Sea, for
example, apparently represents a new spawning stock, which
migrated into this area within the past 10 years (Oesterwind
et al. 2020). Thus, this species entered the North Sea through
natural pathways but was probably only able to colonize this
new area due to global warming and the associated rise in
temperature in the North Sea, which is influenced by human
activity. Whether this is considered a natural or human-
mediated range shift is somewhat ambiguous under present
definitions.

In relation to fishing mortality for D3 we could illustrate
that some data exist but those data are at a higher taxonomic
level and, therefore, give only a rough idea about fishing
mortality within the group. The unknown fishery status of
certain commercially exploited species, particularly in some
areas, as well as the unknown spatial structure of commer-
cially fished stock units generally, needs to be addressed
(Lishchenko et al. 2021) in future. Also, analysis of sug-
gested descriptors by taxonomic family is clearly inappropri-
ate in some cases, e.g. our analysis shows that commercially
targeted species within a taxon show contrasting trends in
fishing mortality and CPUE abundance relative to histori-
cal means (e.g. Tables 3. 4). Hence, in this case, assess-
ing the group obscures contrasting trends within the group
members.

Finally, achieving the major targets of the EU-MSFD
requires knowledge of the food web and prediction of the
trophic consequences of major changes to it (Heiskanen
et al. 2016; Lynam and Mackinson 2015; Hastie et al. 2009).
Different datasets can present different information in this
regard. For example, survey-based TL indicators represent
unbiased state changes at the level of the surveyed commu-
nity while catch-based TL indicators show the pressure on
the system (Heiskanen et al. 2016). Various food web mod-
els exist but cephalopods are not included in many cases,
most likely due to knowledge gaps in knowledge of prey
composition (Gasalla et al. 2010) and total cephalopod bio-
masses. However, Mackinson and Daskalov’s (2007) North
Sea ecosystem model, for example, lists cephalopod bio-
mass, productivity, catchability and the role of cephalopods
as prey for apex predators. Given that some of the current D4
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indicators and criteria are borrowed from other descriptors,
there should be no problem assessing cephalopods under
this Descriptor.

As a first approach, it seems reasonable to calculate the
existing criteria and to fill the indicator gaps with adapted
fish indicators. While the calculation of various indicators is
possible, they clearly need a sensible interpretation because
they have not been adapted to the specific biology of cepha-
lopods. The typical annual fluctuations in abundance and
biomass, the sensitivity of the life cycle stages to environ-
mental factors and the short life cycle of cephalopods com-
plicate the interpretation of any changes. In a worst case,
the substantial biological differences between cephalopods
and finfish make some of the fish indicators unhelpful
(Arkhipkin et al. 2021). Most importantly, annual or short-
lived species show a seasonal cycle in terms of distribution,
abundance and size composition. The seasonal variability,
against a background of strong environmental forcing, must,
therefore, be considered for any assessment with use of the
corresponding indicators. Due to this high variability, it
is difficult to determine or set baselines/threshold values/
reference points. Possible strategies to overcome these dif-
ficulties are to identify a threshold range that encompasses
the normal natural variations. Such an environmentally
dependent threshold can be determined, for example, by
modeling the threshold as a function of the relevant envi-
ronmental parameters and recalculating the threshold, as
needed, to assess GES. Since cephalopod populations are
subject to natural fluctuations, it is advisable to focus on
trends rather than status. If there is a sustained decreasing
trend over a period of time, this is likely a sign of a negative
impact. Responding to short-term declines, while they may
be environmental, might be advisable in order to reduce
fishing pressure on stocks with low biomasses in particular
assessment areas.

In conclusion, there is a need for indicators to be adapted
and additional indicators developed to evaluate the status
of European cephalopods inside the MSFD. Certainly, bet-
ter definitions of GES are needed and thresholds for GES
are not yet available, when it comes to cephalopods. Fur-
thermore, the species identification of cephalopods has
already improved in some surveys but is still insufficient
in some areas and for some families, and has to improve
especially, in commercial landings (see Lishchenko et al.
2021) to fill the data gaps. The lack of routine assessment
of almost all cephalopod stocks in European waters should
also be addressed, for both MSFD assessment and fishery
management (Lishchenko et al. 2021). Despite all of this,
we advocate that, based on our case studies, a first integra-
tion of cephalopods into the MSFD framework is already
possible and would provide useful preliminary information
on their status.
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Conclusions and outlook

To ensure GES in Europe within the MSFD, cephalopods
must be considered in the assessment, as it is the case for
fish, marine mammals and marine birds. Besides CPUE-
based indicators, other methods can already be applied
using the existing data collected from commercial fish-
eries and research surveys incorporating cephalopods.
The indicators, which can already be implemented in the
framework of MSFD, are listed in bold in Table 2. For a
more comprehensive cephalopod assessment in future, fur-
ther potential indicators are listed (non-bold in Table 2).
The total catch, total biomass and population abundance
of cephalopods, for example, can be measured within the
framework of ICES Trawl surveys (IBTS, BTS and MED-
ITS) on the basis of CPUE (catch per tow, catch per time
or catch per area) using standardized fishing gear. How-
ever, absolute abundance estimates depend on an appropri-
ate survey design (e.g. locations, timing) and the fishing
gear (Pierce et al. 1998), which is always size-selective,
to a certain extent, as the entire size range of a species
cannot be caught with one net size. Another consideration
is that these are finfish surveys and cephalopods are only
fished as bycatch. Nevertheless, the data collected in these
surveys over decades, along with newly collected data in
future, possibly involving tweaked data collection frame-
works, can and should be used for an assessment using
relative trend analyses of commercially fished cephalopod
species. Furthermore, indicators can be developed on the
basis of these data (including threshold values, e.g. follow-
ing trends analysis) and implemented in the cephalopod
assessment within the MSFD. Using current and long-term
data, it should then be possible to define or determine GES
of the corresponding cephalopod species (or, at the very
minimum, for higher taxa, even if this has large disad-
vantages). Arkhipkin et al. (2021) have already discussed
indicators for the assessment of cephalopods for manage-
ment purpose in target fisheries and have shown the inu-
tility and faulty advice arising from some methods. For
instance, serious problems have been shown with using
MSY to manage Octopus fisheries (Roa-Ureta et al. 2021).
Nevertheless, it is important to start with some kind of
assessment, for example, using the indicators and methods
we have listed here. In addition to the adaptation of the
potential indicators, which are similar to ICES fisheries
assessment category three (ICES 2012b), where stocks
are assessed on the basis of surveys or other trend indices
(ICES 2015), more data are needed to increase the quality
of the indicators. This includes, for example, the monitor-
ing design, quality of species identification, stock discrim-
ination (Lishchenko et al. 2021; Gopel et al. 2022; Sheerin
et al. 2022), and survey timing in relation to the life cycle.

Further enhancement of cephalopod assessment methods
is also required, along with improved understanding of
their trophic importance and ‘Keystoneness’ within eco-
system models (e.g. Gasalla et al. 2010; Coll et al. 2013).
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